Interleukin 12 (IL-12) plays an important role in the induction of protective immunity against cancer and infectious diseases. In this study we asked whether IL-12 cDNA could increase the protective capacity of the antigen 2 (Ag2) gene vaccine in experimental coccidioidomycosis. Coimmunization of BALB/c mice with a single-chain IL-12 cDNA (p40-L-p35) and Ag2 cDNA, both subcloned into the pVR1012 plasmid, significantly enhanced protection against systemic challenge with 2,500 arthroconidia, as evidenced by a greater-than-1.3-log-unit reduction in the fungal load in the lungs and spleens compared to mice receiving the pVR1012 vector alone, Ag2 cDNA alone, or IL-12 cDNA alone. The enhanced protection was associated with increased gamma interferon secretion; production of immunoglobulin G2a (IgG2a), IgG2b, and IgG3 antibodies to Coccidioides immitis antigen; and the influx of CD4
Interleukin 12 (IL-12), a heterodimeric cytokine composed of a 40-kDa chain and a 35-kDa chain (35) , is produced by a variety of antigen-presenting cells, including monocytes, macrophages, and B cells (24, 40, 41) . It displays a potent array of biological activities affecting natural killer (NK) and T cells. These biological activities include the ability to enhance the proliferation of T and NK cells; increase cytolytic activities of T cells, NK cells, and macrophages; promote T helper 1 (Th1) cell development; and induce production of Th1-associated cytokines such as IL-2, tumor necrosis factor alpha, and gamma interferon (IFN-␥) (3, 9, 24, 30, (38) (39) (40) (41) 45) . The induction of Th1-associated IFN-␥ has been recognized as one of the most important functions of the IL-12-mediated cellular immune response against tumors and infectious diseases (9, 41, 45, 46) .
Coccidioidomycosis is a fungal disease caused by inhalation of arthroconidia, the disarticulated mycelial phase of the dimorphic fungus Coccidioides immitis (37) . This fungus is endemic in the arid southwestern United States and Mexico in the geographic area termed the lower Sonoran Life Zone, which also extends into parts of Central and South America. The disease displays symptoms ranging from a mild flu-like syndrome to frank pneumonia. About 5% of all cases result in severe, disseminated extrapulmonary disease. Investigations with humans and experimentally infected animals have documented that the severity of coccidioidomycosis directly correlates with depressed cell-mediated immune responses, evidenced by decreased skin test reactivity and the production of IFN-␥ and IL-2 in response to coccidioidal antigens (4, 11, 14, 16, 28) . It has been also established that recovery from primary infection is accompanied by strong cell-mediated immune responses to C. immitis antigens and lifelong immunity against reinfection (13, 15, 37) .
Our previous studies showed that IL-12 plays a central role in the induction of host defenses against C. immitis (29) . Administration of recombinant IL-12 before and during the course of the disease was shown to protect BALB/c mice against challenge with C. immitis and to effect a shift in the Th1 response. Whereas control BALB/c mice demonstrated low levels of IFN-␥ mRNA expression and high levels of IL-4 mRNA, recombinant IL-12-treated mice exhibited high levels of IFN-␥ message expression and low levels of IL-4 mRNA. More recently, we reported that immunotherapy of BALB/c mice with J774 macrophages that had been transduced with a plasmid expressing IL-12 cDNA ameliorated the course of the disease (21) . The decrease in disease severity was associated with increased production of IFN-␥. These results, together with reports by others that IL-12 cDNA amplifies Th1 responses to microbial vaccines (2, 3, 10, 19, 22, 36, (42) (43) (44) , document the feasibility of using IL-12 cDNA as an adjuvant for vaccination against C. immitis.
Early studies with experimental animal models established that vaccination with killed spherules induces protection against pulmonary challenge with a lethal dose of C. immitis arthroconidia (27) . Investigations by us (26) and others (25, 33) showed that the protective component resided in the cell walls and that cell wall extracts, enriched in antigen 2 (Ag2), induced protection against challenge with C. immitis. We recently cloned the gene that encodes Ag2 (47, 48) and showed that immunization of mice with the Ag2 gene induced protection against intraperitoneal challenge with 2,500 arthroconidia of C. immitis (20) . Our results were corroborated in a recent study by Abuodeh et al. (1) , who reported on the protective capacity of a gene which encodes a proline-rich antigen. This gene was previously shown to have a nucleotide sequence identical to that of Ag2 cDNA (17, 23) .
The vaccine efficacy of Ag2 cDNA, coupled with the immu-nopotentiating effects of IL-12, prompted us to determine if IL-12 cDNA would enhance the induction of protective immunity in mice vaccinated with Ag2 cDNA. Our results demonstrate that an IL-12-expressing plasmid has potent adjuvant activity for enhancing Ag2 cDNA-induced protective immunity and the induction of Th1 responses after systemic challenge with C. immitis.
MATERIALS AND METHODS
Construction of recombinant plasmids. The full-length (194-nucleotide) Ag2 cDNA was subcloned into the XbaI site of the eukaryotic expression vector plasmid pVR1012 as previously reported (20) .
Details of the procedure for the construction of a single chain of murine IL-12 cDNA have been published earlier (21) . Briefly, the cDNAs for the p40 and p35 subunits of IL-12 were amplified by PCR and then linked with a synthetic linker by second-round PCR. The 1.66-kb PCR fragment was cloned into the pCR2.1 vector (InVitrogen, San Diego, Calif.) and sequenced. To prepare the IL-12-expressing pVR1012 plasmid, the NotI-BamHI fragment of murine IL-12 was removed from pCR2.1-IL-12 cDNA and then subcloned into the pVR1012 plasmid. Previous experiments established that the recombinant pVR1012-IL-12 plasmid expressed IL-12 mRNA, as measured by reverse transcription-PCR, and was bioactive, as judged by the induction of IFN-␥ by BALB/c spleen cells after incubation with the supernatant from IL-12-transduced J774 macrophages (21) .
To prepare plasmid DNA for immunization, Escherichia coli XL-Blue cells were transformed with either pVR1012-Ag2, pVR1012-IL-12, or the pVR1012 plasmid alone and then cultured at 37°C for 16 h in Luria broth supplemented with kanamycin (50 g/ml). Plasmid DNA was isolated by using an EndoFree plasmid purification kit (Qiagen, Santa Clara, Calif.). The DNA was resuspended in USP saline (Baxter Healthcare Corporation, Deerfield, Ill.) and stored at Ϫ20°C until used.
Immunization and challenge. Five-week-old female BALB/c (H-2 d ) mice were purchased from Jackson Laboratory (Bar Harbor, Maine). The mice were maintained for at least 1 week before use.
DNA immunization was performed by injecting groups of mice intramuscularly with 50 g of pVR1012-Ag2 plus 5 g of pVR1012-IL-12. These doses were shown to be optimal in a series of preliminary experiments. Comparative controls consisted of mice vaccinated with 50 g of pVR1012 DNA alone, 50 g of pVR1012-Ag2 cDNA alone, or 5 g of pVR1012-IL-12. Before each injection, the mice were lightly anesthetized via inhalation of Metofane (Mallinckrodt Veterinary, Inc., Mundelein, Ill.). Injections were given in the tibialis anterior muscle in a site that had been treated with Nair (Carter-Wallace, Inc., New York, N.Y.) 1 day before administration of the first injection. A total of three immunizations were given at weekly intervals in alternating sites on the left and right legs, and the mice were challenged 2 weeks after the last immunization.
Challenge and assessment of disease severity. Arthroconidia were harvested from 4-to 8-week-old mycelium-phase cultures of C. immitis CC, a recent isolate from a patient with disseminated coccidioidomycosis. The arthroconidial suspensions were passed over a nylon column to remove hyphal elements, and the cells were enumerated by hemacytometer counts. Mice were infected by an intraperitoneal injection with 2,500 arthroconidia suspended in 0.5 ml of pyrogen-free saline or an intranasal instillation of 50 arthroconidia suspended in 30 l of pyrogen-free saline. The viability of the inocula was confirmed by plate counts on 1% glucose-2% yeast extract agar.
Vaccine-induced protection was evaluated by determining the numbers of C. immitis CFU in the lungs, spleens, and livers at 12 days postinfection as detailed earlier (20) . At sacrifice, the organs were weighed, and the results obtained were expressed as log 10 CFU per gram of tissue.
Cytokine induction. Spleens were harvested at day 12 after challenge and processed as described above for single-cell suspensions (20) . The cultures were stimulated with the C. immitis cell wall extract C-ASWS, which contains native Ag2 (12); concanavalin A (ConA) (Sigma Chemical Co., St. Louis, Mo.); or medium alone. After a 48-h incubation at 37°C under 5% CO 2 , the supernatants were collected and stored at Ϫ20°C until assayed.
Cytokine expression for IFN-␥ and IL-4 was assayed by two-site sandwich enzyme-linked immunoassays (ELISA) as described previously (20, 21) . All ELISA reagents were purchased from PharMingen, San Diego, Calif. Recombinant IFN-␥ and IL-4 proteins were used to prepare standard curves.
Analysis of serum IgG isotypes. Blood was collected from mice on the day before challenge and 12 days after challenge. The sera were harvested and stored at Ϫ20°C until assayed for immunoglobulin G (IgG) antibody isotypes by ELISA. Wells on a 96-well microtiter plate were coated with 100 ng of coccidioidin, prepared as a toluene-induced lysate of young mycelia (34) . Twofold serial dilutions of mouse sera were added, and after a 1-h incubation at room temperature, the plates were washed and incubated for 1 h with goat anti-mouse IgG1, rabbit anti-mouse IgG2a, goat anti-mouse IgG2b, or goat anti-mouse IgG3, each conjugated to alkaline phosphatase (Zymed, South San Francisco, Calif.). The wells were washed, and the p-nitrophenyl phosphate substrate (Sigma) was added to obtain color development in 30 min. The reactions were read at 410 nm on an MR 700 microplate reader (Dynatech Laboratories).
FACS analysis.
Spleens were gently teased to obtain single-cell suspensions. The cells were suspended in cold Hanks' balanced salt solution and treated with isotonic ammonium chloride to lyse erythrocytes. The splenocytes were washed by centrifugation and resuspended in Dulbecco's minimal essential medium (DMEM) (GIBCO, Grand Island, N.Y.) supplemented with 10% fetal calf serum (FCS).
Fresh lung tissue was cut into small pieces with scissors and incubated in DMEM containing 10% FCS, DNase I (100 U/ml; Sigma), and collagenase (1 mg/ml; Sigma). After a 30-min incubation at 37°C under 5% CO 2 , the digested samples were washed, and the erythrocytes were lysed with ammonium chloride. The lung cells were passed through a nylon mesh to remove large tissue fragments, washed by centrifugation, and resuspended in DMEM supplemented with 10% FCS.
A total of 10 6 splenocytes or lung cells were distributed into a series of polypropylene tubes and washed three times with fluorescence-activated cell sorter (FACS) buffer (phosphate-buffered saline containing 0.1% FCS and 0.11% sodium azide). The cells were incubated for 10 min with rat anti-mouse CD16 monoclonal antibody (PharMingen) to block Fc receptors and then double stained with saturating concentrations of phycoerythrin-conjugated hamster antimouse CD3 plus fluorescein isothiocyanate (FITC)-conjugated rat anti-mouse CD45R/B220 monoclonal antibody, FITC-conjugated rat anti-mouse CD4, or FITC-conjugated rat anti-mouse CD8, all from PharMingen. After a 30-min incubation on ice, the cells were washed by three centrifugations in FACS buffer, fixed by overnight incubation in 1% formalin, and then analyzed with a FACScan (Becton Dickinson, Mountain View, Calif.).
Statistical analyses. The data were analyzed by using the Wilcoxon rank-sums test. Probability values of Ͻ0.05 were considered significant.
RESULTS
Enhanced efficacy of the Ag2 cDNA vaccine by the IL-12 expressing plasmid. To determine if IL-12 cDNA would increase the protective capacity of the Ag2 gene vaccine, BALB/c mice were coinjected with pVR1012-Ag2 and pVR1012-IL-12 or, for comparative controls, pVR1012-Ag2 alone, pVR1012-IL-12 alone, or the pVR1012 plasmid. After three immunizations, the mice were challenged with 2,500 arthroconidia via an intraperitoneal route and then sacrificed 12 days later and evaluated for fungal CFU in the lungs and spleens. The results are shown in Fig. 1 . Consistent with our earlier investigation (20) , mice vaccinated with Ag2 cDNA showed a significant reduction in the fungal load in their lungs (P Ͻ 0.0001), livers (P Ͻ 0.0001), and spleens (P Ͻ 0.0001) compared to mice vaccinated with the pVR1012 vector alone. Mice vaccinated with both IL-12 cDNA and Ag2 cDNA were even more protected. The fungal loads in lungs, livers, and spleens from mice given the combined vaccine were reduced by 54% (P Ͻ 0.001), 35%, (P Ͻ 0.0001), and 19% (P Ͼ 0.05), respectively, compared to the number of CFU in mice given Ag2 cDNA alone. Compared to the vector control group, recipients of the combined vaccine showed a 68% reduction in the CFU in their lungs (P Ͻ 0.0001), a 63% reduction in their liver CFU (P Ͻ 0.0001), and a 44% reduction in the fungal load in their spleens (P Ͻ 0.0001). Vaccination with pVR1012-IL-12 alone did not protect mice against systemic challenge.
Since primary coccidioidomycosis is acquired via inhalation, we examined protection in the vaccine groups after pulmonary challenge with 50 arthroconidia. The results (Fig. 2) showed that mice vaccinated with pVR1012-Ag2 plus pVR1012-IL-12 had significantly decreased numbers of fungal CFU in their spleens and livers compared with mice vaccinated with pVR1012-Ag2 alone (P Ͻ 0.0001), pVR1012-IL-12 alone (P Ͻ 0.001), or the pVR1012 vector alone (P Ͻ 0.0001). IL-12 cDNA alone also effected a reduction in the CFU in spleens and livers of mice challenged by the pulmonary route. This is an anomalous finding, considering that IL-12 cDNA alone did not induce protection against an intraperitoneal challenge. None of the vaccine groups showed a decrease in the fungal load in lungs.
Enhanced induction of IFN-␥. The foregoing results established that the Ag2 gene vaccine combined with an IL-12-expressing plasmid induced a significantly higher level of protection in mice than either Ag2 cDNA or IL-12 cDNA alone. Since we and others have shown that the induction of Th1-associated cellular responses is crucial to the host defense against C. immitis (8, 15, 28), spleen cells were collected from mice at 12 days postinfection and assayed for the production of the Th1-and Th2-associated cytokines IFN-␥ and IL-4, respectively.
Spleen cells from mice coimmunized with the Ag2-and IL-12-expressing plasmids secreted IFN-␥ constitutively, as evidenced by the detection of 600 pg of IFN-␥ in supernatants from the cells cultured in medium alone ( Table 1) . Stimulation of the splenocytes with C-ASWS resulted in a twofold increase in IFN-␥ production. Splenocytes from mice vaccinated with Ag2 cDNA alone also secreted IFN-␥ in response to C-ASWS, but at a much lower level than that obtained with spleen cells from mice coimmunized with Ag2 and IL-12. As expected, IFN-␥ secretion was not induced in C-ASWS-stimulated spleen cells from mice immunized with the pVR1012 vector alone or pVR1012-IL-12 alone. When stimulated with ConA, spleen cells from all four groups of mice secreted IFN-␥, with the highest level noted in recipients of the combined Ag2-IL-12 vaccine.
In contrast to the increased production of the Th1-associated IFN-␥ response, spleen cells from Ag2-vaccinated mice and from mice coinjected with the Ag2-IL-12 vaccine did not secrete the Th2 cytokine IL-4 in response to stimulation with C-ASWS. The lack of IL-4 production does not indicate suppression of this Th2 response by IL-12, since this cytokine was not produced by spleen cells from mice immunized with the vector alone or IL-12 alone ( Table 1) .
Induction of Ag2-specific IgG antibody responses. The patterns of IgG antibody isotypes produced in response to immunization are reliable indicators of the types of cytokines induced in vivo (5, 18, (30) (31) (32) . IFN-␥ promotes the production of IgG2a, whereas IL-4 promotes the production of IgG1. Although the patterns are less clear with IgG2b and IgG3 isotypes, it is generally accepted that these are associated with IFN-␥ production and are inhibited by IL-4 (5, 18) .
To examine the humoral responses to the Ag2 gene vaccine and to determine if the responses were modulated by coadministration of the IL-12-expressing plasmid, sera were collected from mice on the day before and 12 days after challenge and assayed for IgG isotype antibodies to coccidioidin. As shown in Fig. 3 , the combined Ag2-IL-12 vaccine induced the production of IgG2a in the sera of mice before and, to a greater level, after challenge with C. immitis. When compared with the antibody response of mice given Ag2 cDNA alone, the serum IgG2a levels in mice immunized with the combined Ag2-plus-IL-12 vaccine was increased by fourfold. Serum IgG2b and IgG3 antibodies were also induced in response to immunization with Ag2 cDNA alone or with cDNA, and while IgG3 levels were slightly reduced after challenge, IgG2b levels were increased. Although mice immunized with Ag2 cDNA showed only a low level of IL-4 production (Table 1) , high levels of IgG1 antibodies were detected both before and after challenge. Surprisingly, administration of IL-12 cDNA in conjunction with Ag2 cDNA only slightly inhibited the production of IgG1 antibodies.
FACS analyses of lung and spleen lymphocytes. To characterize the cellular response to C. immitis in vaccinated mice, spleens and lungs were obtained from mice 12 days after systemic challenge and analyzed for lymphocyte populations by FACS. The results, expressed as the percentage of lymphocytes identified as CD3 
a ConA was used at 2 g/ml; C-ASWS was used at 100 g/ml.
b Levels of IFN-␥ and IL-4 in supernatant from 2 ϫ 10 6 spleen cells obtained from groups of 10 BALB/c mice 12 days after challenge with 2,500 arthroconidia via an intraperitoneal route.
c Lower limit of assay sensitivity.
FIG. 3.
IgG antibody isotypes levels in sera obtained from BALB/c mice on the day before and 12 days after intraperitoneal challenge with 2,500 arthroconidia, as assessed by ELISA with coccidioidin as the target antigen. Results depict mean antibody levels in assays of sera pooled from groups of 10 mice immunized with vector (F), Ag2 (E), Ag2 plus IL-12 (), or IL-12 (ƒ).
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IL-12 cDNA ENHANCES C. IMMITIS Ag2 VACCINE PROTECTION 5851 ies against murine B cells and T-cell subpopulations, are summarized in Table 2 . The most striking difference in the lymphocyte populations in the four mouse groups was the increase in the percentage of CD3 ϩ CD8 ϩ T cells in the lungs and spleens of mice coimmunized with Ag2-and IL-12-expressing plasmids compared to those in mice immunized with the vector alone, pVR1012-Ag2 alone, or pVR1012-IL-12 alone. A slight increase in the percentages of CD3 ϩ CD4 ϩ T cells in the lungs and spleens of recipients of the combined vaccine was also noted. B220 ϩ B cells, on the other hand, were slightly increased in mice vaccinated with pVR1012-Ag2 alone or pVR1012-IL-12 alone compared to the percentages of B220 ϩ B cells in mice vaccinated with the plasmid alone and mice covaccinated with Ag2-and IL-12-expressing plasmids.
DISCUSSION
This investigation established that coadministration of an IL-12-expressing plasmid in the highly susceptible BALB/c mouse strain enhances Ag2 cDNA vaccine-induced protection against systemic challenge with C. immitis. The enhanced protective effect was accompanied by an increased production of the Th1-associated cytokine IFN-␥, the production of anti-Ag2 IgG2a antibodies, and a cellular influx of CD4 ϩ and CD8 ϩ T cells. These increased Th1-associated responses were accompanied, however, by only a modest inhibition of the Th2-associated IgG1 production.
IFN-␥ has been recognized as one of the most important cellular immune responses in coccidioidomycosis (6, 7, 15, 28) . We previously showed that treatment of the susceptible BALB/c mouse strain with recombinant IFN-␥ ameliorated the course of the disease and, using the reciprocal approach, that neutralization of endogenous IFN-␥ in the resistant DBA/2 mouse strain led to disease progression (28) . The protective effects of IFN-␥ were shown to reside, at least in part, in its ability to activate macrophages to an anticoccidioidal level (15) . In this investigation, we found that IFN-␥ was produced constitutively only by splenocytes from mice coimmunized with plasmids expressing Ag2 and IL-12 and that when stimulated with ConA or C-ASWS, splenocytes from recipients of the combined vaccine secreted more than fourfold-greater levels of IFN-␥ than did spleen cells from mice receiving either Ag2 cDNA or IL-12 cDNA. The increased production of IFN-␥ in response to the combined vaccine versus either component alone establishes a synergistic effect of Ag2 cDNA and IL-12 cDNA on the induction of this important Th1-associated cytokine. Although our results suggest that IFN-␥ is crucial to the protective effect of the Ag2-IL-12 vaccine, studies are needed to show that treatment of mice with neutralizing anti-IFN-␥ significantly diminishes or abrogates protection.
Previous studies have shown that adoptive transfer of T cells, but not serum, from immune mice protects recipients against challenge with C. immitis (8) . Both CD4 ϩ and CD8 ϩ T cells were required for protection at the lung level, as evidenced by the lack of adoptive transfer after depletion of either subpopulation, whereas either T-cell subpopulation was able to transfer protection in spleens (15) . In this investigation, analyses of lymphocyte populations in the lungs and spleens of mice covaccinated with Ag2 cDNA and IL-12 cDNA revealed increases in both CD4 ϩ and CD8 ϩ T cells. Whereas studies have shown that CD4 ϩ cells protect by secreting IFN-␥ and other immunopotentiating cytokines (6) (7) (8) 15) , the increase in CD8 ϩ cells in lungs or spleens from mice having increased resistance to C. immitis raises the possibility that the CD8 ϩ cells may exert a cytotoxic effect on the fungus.
IL-12 has been reported to be an important enhancer of IgG2a antibodies through the induction of IFN-␥ (5, 18, 30-32). Our results showed that only the mice vaccinated with both the IL-12-expressing plasmid and Ag2 cDNA produced IgG2a, IgG2b, and IgG3 antibodies. These increased Th1-associated antibody responses were accompanied, however, by only a modest inhibition of the Th2-associated IgG1 production. This is an unexpected result given that IFN-␥ and not IL-4 was produced by C-ASWS-stimulated spleen cells from mice covaccinated with the Ag2-and IL-12-expressing plasmids. While it is recognized that antibody isotype responses may vary during the course of immunization and after challenge, owing to the changing dynamics of Th1 and Th2 responses, the predominance of IgG1 both before and after challenge is paradoxical and merits further study.
Although mice covaccinated with Ag2-and IL-12-expressing plasmids showed a decreased fungal load in their lungs and spleens following intraperitoneal challenge with C. immitis, the combined vaccine has limited effect on the fungal load in the lungs of mice challenged by the pulmonary route. We believe that induction of protective immunity at the lung level following pulmonary challenge may be achieved by targeted delivery of the combined Ag2-IL-12 vaccine directly to the lungs by using the adenovirus vector or DNA-liposome complexes. Since the disease is acquired via the pulmonary route, the induction of protection at the lung level remains a crucial goal for the development of a vaccine for use in humans. 
